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ABSTRACT 


Experiments were performed to study the technique of elee~ 
trochemi luminescence for ovserving separation and transition in liquid 
flow over a body. The apparatus used was a gravity blowdown tunnel 
with two cylindrical test sections each 36 inches long ani 2 inches 
and 4 inches in diameter, respectively. 


The separation experiments were conducted on flat plates 
and cylinders. On the cylinders (0.5~- and 1.5-inch diemeter) a well- 
defined dark line was observed at approximately 69° from the leading 
edge in the Reynolds mmber rence fron 5.7 x 105 to 1.3 x 10°. The 
lines were lines of senaration as verified by photographs taken of 
smoke flow over one of the cylinders in a wind tunnel ard also by con- 
pering the position of the lines with experimental observations reported 
by Schlichting. A 5-inch long flet plate model was inclined et various 
angles of attack from 0.5° to 13.1° and a dark region was observed - 
behind the leading edge in the Reynolds nuxber range from 1.28 x 10 
to 4.3 x 10? (based on @ Seinch length). Photographs taken of smoke 
flow over an inclined flat plete in a wind tumel indicated that the 
dark region observed was the region of separation. 


The transition studfes were contacted by passing the 
chemiluminescen’ solution over a 30-inch long flat plate at sero 
engle of incidence with s maximum Reynolds mmber of 6.3 x 10°. Wo 
phenomenon was ooserved that could be directly related to transition. 
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It has long been recognized that fluid flow viswnlization has 
played an important part in the development of the eacience of Fluid 
Mechanies.*” Electrochemi luminescence offers the possibility of a 
new flow visualization technique. It is novel in that events in the 
boundary layer are ooserved directly, and no extraneous object is 
introduced into the flow. Chemicals are added to the water, but these 
are dissolved, and the resulting fluid is a homogeneous solution. 

Howland, et al.,~ were the first to apply the technique of elec- 
trochent luminescence to fluid flow visualization studies. In this 
technique a model coated with platinum is immersed in an alkaline 
solution of Iaminol and Hydrogen Peroxide | The platinum on the 
model serves as one electrode (the anode), and the other electroie 
(the cathode) consists of a sheet of aluminum. A continuaw blue 
Glow ie observed on the surface of the platinum when the potential 
vetween the electrodes is approximately one volt D. C. and relative 
motion exists between the fluid and model. ‘Then patterns are observed 
in the blue glow which apparently represent flow phenomena (e.z., 
seperation). When the potential is increased to approximately five 
or six volte between electrodes, the glow patterns tend to detach 
froma the surface of the platinum and trail in the wake of the nodel. 
This study treats only phenomena which are observed at the surface 
of the model. 





* 
superscripts indicate references at the end of the thesis. 


ote 
A detailed description of the solution is given in Appendix A. 
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Howland, et a.,° working with a small apparatus (essentially 
a large rotating bowl containing the chemiluminescent solution) 
observed what they considered were regions of separation and transi- 
tion on cylinders and flat plates. Schiller’ designed and built en 
epparetus with a capacity for achieving higher Reynolds mumbers than 
were possible using Howland's apparatus. Schiller, experimenting 
with flat plates, believed that he was observing separation at vari- 
ous angles of attack aon the plates. Springer” showed that in leacinar 
flow the light intensity is coverned by muss transfer of the chemi luni- 
nescent substance to the surface of the platinum. 

The above observations suggest that there is a correlation between 
the light intensity, observed glow patterns, and events occurring in 
the boundary layer. This study was undertaken as an attempt to corre- 
late observed glow patterns with events occurring in the boundary layer 
with particular emphesis on separation and transition. Atteupts will 
be made to observe what are considered to be separation and transition 
pointe in the blue giow on various medels. The observed points will 
be compared to existing experimental data and theoretical results where 
possible to determine whether or not the technique of electrochentluni- 
accuenee cen be used as a valid flow visualization technique for transi- 


tion and separation. 
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The apperatus weed in this study is that designed and built by 
Schiller.2 It is a gravity blowdowm system ani is shown in Figure 1. 
The test section (show in Figure 2) is a plexiglass tube approximitely 
36 inches long. The inside diameter of the tube is 4 inches. The 
model to be studied (e.g., flat plate or cylinder) is placed in the 
test section, and the test section is then secured in ite proper posi- 
tion in the apparatus es showm in Figure 1. The settling tank io filled 
to the desired level (depending on the length of test run desired) with 
chemiluminescent solution (the details of which are given in Appendix 
A), and the anode to cathode potential is established by turning on 
the D. C. power supply. The power supply used in this study wes a 
Harrison Laboratories, Inc., model SSOA Regulated Power Supply with 
@ range of from 0-100 volts and O-1] amperes. When the control valve 
is opened, the chemiluminescent solution flows over the model being 
studied, and photographs are taken of the resulting glow patterns. 

The apparatus was designed to 
section. During the initial phase of this study, it wes necessary to 


pproximate slug flow in the test 





determine whether or not slug flow does in fect exist in the test sec- 
tien. To do this the test section was instruweented with two pitot 
tubes as shown in Figure 2. The pitot tubes are made of 1/16-inch 
inside diameter stainless steel tubing. The ovtsite diameter is 3/32 
of an inch. The lengths of the tubes are 3-3/4 inches, and their posi- 


tion across the test section is adjustedle so that complete coverage 
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of over half of the test section profile is obteainel. The tubes are 
bent to an angle of 90 degrees ome inch from ome end. The radius of 
the bend is 3/16 of an inch. ‘The pitot tubes measure the dynamic 
pressure only. The static pressure is measured through e static 
pressure tap which is a 3/32-inch hole in the side of the test sec- 
tion adjacent to the pitot tube. The settling tank was filled to the 
top with approximately 1500 liters of water, and the velocity profile 
across the test section was measured as the water was released. The 
measured velocity profiles verified that nearly slug flow exists every- 
where in the test sectio. Mgures 3 and 4 show the velocity profiles 
obtained with the settling tank full (1500 liters) at the start of the 
run. The maximm velocity of the water in the test section was approxi- 
mately 10.8 feet per second. Figures 5 and 6 show the velocity profiles 
obtained when the procedure given above is repeated with the settling 
tank helf full (approximately 750 liters) of water at the start of the 
run. For this case the maximum velocity of the water in the test sec- 
tion was approximately 10.4 feet per second. 

It was determined that the flow is somwhat time dependent, but in 
eny given test run after time t = 10 seconds (where t is time after open- 
ing the control valve), the velocity vs. time characteristics are flat. 
They approximate steady state conditions since the velocity decreases .01 
feet per second per second after time t = 10 seconds. Mgures 7 and & 
show the velocity ve. time characteristics for runs with the settling 
tank full end half full, respectively, at the start of the run. The 
total run time with a full settling tank is 54 seconds, and the total 
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time with a half tank is 2) seconds. In the interests of economy and 
time, all actual test runs with chemiluminescent fluid were made vith 
the settling tank one-half full at the start of the run. 

The electrical system used is the same as that described by 
Schiller.” It easists of the model either platimm plated or coated 
with platimen foil as the anode and an aluwinum yliate as the cathode. 
The flat plate models weed are plexiglass fle% plates with platinua 
foll glued to one aurface of the plate and an aliuminus plate glued to 
the other surface. The glue weed is a two-part epoxy clue. One cylin- 
drical model used is a 1.5-inch diameter stainless steel cylinder. The 
cylinder face is electroplated with approximately 0.002 inch of plati- 
num. The ends of the cylinder are not pleted. The other cylinder model 
is a O.5-inch dinmeter plexiglas rod with platinum foil glued to ites 
surface. The electrical coumections are made threigh the tyvo screws 
in the test section (Figure 2) when flat pletemodels are in the test 
section. In the ease of cylinders the anole ecomection is made through 
one screw in the test section, and the cathode ccnmnection is made with 
& small wire attached to the alumimm plate and rumning out the back 
of the test section. The cylinder cathode ig an aluminum plate which 
is suspended in the teet section and not attached in any way to the 
cylinder. The anade and cathode are comnected to the + and - terminals, 
respectively, of a D.C. variable power supply. The power supply serves 
af & switch as well as the means for varying the voltege. During the 
actual test runs the voltage was adjusted to mintain the maximm light 
intensity without generating detached glow patterns. It was determineé 


that approximately 3 to 4 volts anode to cathode potential were required. 
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Late in the study it was determined that the glow on the anode 
could be obteined if the platimun vere replaced with stainless steel. 
The glow obtained ig as intense as thet using pletimm as the anode. 

In thi case, however, the KOH content of the solution was 0.1 Normal 
instead of 0.01 Normal as recomended by Hovlant.~ It is not certain 
want effect the added KOH had on the solution or the electrochen! lmi- 
nescent process other than to make the solution more elkaline. Ro 
attempt was made to investigate the solution or anode material further. 
The composition of the solution used is that specified by Schiller.” 


RB. 





This solution differs frou Howland's® in thet only one thinl of the 
smount of potassium chloride is used. Schiller determined that this 
reduction of KCl makes no apparent change in the glow intensity. The 
solution is composed of Inminol, hydrogen peroxide, potassium chloride, 
potassium hydroxide, and purified water. The details of the aaounts 
end fmetions of exch chemical appear im Appendix A. 

It is necessary to state here that the water muet be purifled. 
This is done because an excessive concentration of iron or copper: 
impurities can cause bulk glow in the vicinity of the test piece. 
Either distilled water or water purified by ton exchanger cartridges 


ean be weed. The ion exe » (Bewmetead Standart Type 0802) have 





beon used because they are the most inexpensive and convenient way of 
obtaining the large amount of purified water required (1500 liters 
for a full tank). 

In the early stages of the study, 2 small Howland” type apparstus 


was constructed for feniliarization with the technique. In addition 
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the effect of replacing KCl with NeCl was investigated. The sodiwns 

dhlorids appeared to provide the same glow intensity as the potassium 
chloride. It was further determined that the amowit of NaCl could be 
recueed to one third ite original amowt without any apparent lose of 


eal! be 





intensity. Finally it was determined that the seme reay 
obtained with technical graie NaCl substituted for the reagent graie. 
These factors will provide a financial savings for future investige- 
tors, In this study potassium chloride was wei because of the large 
quantity on hand at the ortsat. 





A. General 

In this study separation and transition were the flow phenomena 
of primary interest. It was expected that using circular cylinders 
and flat plates as models, visual evidence of separation end transi- 
tion would be obtained. The glow pattern should appear as an even 
blue glow on the surface of the anode in laminar flow up to the point 
of separation. The glow should disappear along the separated regim 
giving the appearance of a black line or region against the blue glow. 
Transition was expected to take the form of wavy regions in the glow 
or perhaps an increased light intensity beginning at the transition 
point. 

B. Circular Cylinder 

The circular cylinder was chosen as a model to be studied because 
of its simple geometry. The fact that some experimental data is availa- 
ble for the separation point on a cylimier in laminar flow also played 
a part in the decision to wee a cylindrical model. 

Test runs were conducted on two cylinders. One cylinder was 1.5 
inches in diameter and 2 inches long; the other cylinder was 0.5 inch 
in diameter and 4& inches long. The tests were run to determine if a 
line of separation could be distinguished in the glow on the face of 
the cylinder. A line believed to be the line of separation was seen, 
and Pigure 9 shows this line on the 0.5-inch and the 1.5-inch diameter 
cylinders. The line on the 1.5-inch diameter cylinder was seen to 


occur at approximately ¢ = 89° where § is the engic measured from the 
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forward stagnation point (considering the flow to be ideal with no 
circulation) to a point on the surface of the cylinder in a plane 
perpendicular to the axis of the cylinder. The observed line remained 
very neerly stationary at various Reynolds numbers. This agrees with 
the solution of Thwaites += equations for the separation point in 
laminar flow using the velocity distribution around a cylinder in 
irrotational flow given by potential theory. Figures 10 and 11 show 
this line at various Reynolds numbers for the 0.5and 1.5-inch diame- 
ter cylinders, respectively. While no attempt was male to measure 
exact angles on the 0.5-inch diameter cylinder, it was seen that the 
line occurred at approximately the same angle g in all runs on both 
cylinders. This is in agreement with results using Thwaites 7 method 
with potential theory velocity distribution around a cylinder in irrota- 
tional flow. Comparison of Figures 10 and 11 confirms this statement. 
It will be noticed that the line on the 1.5-inch cylinder curves down- 
ward at the ends of the cylinder (see Figure 11) while this is not so 
in the ease of the 0.5-inch cylinder (see Figure 10). This is attri- 
buted to cylinder end effects since in both cases the cylinder glowing 
length is 2 inches, but the total length of the 1.5-inch diameter cylin- 
dex is only 2 inches while that of the 0.5-inch digmeter cylinder is 
4 inches. All indications are that the observed line is the Line of 
separation. 

Schlichting’ cites the work of Hiemenz who in his thesis to 
Goettingen University in 1911 reported measurements of the pressure 
distribution around a cylinder in steady flow. Using the measured 


pressure distribution as a basis, he calculated thst ¢ at separation 
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should be 82 degrees. He observed J at separation on a cylindex to 

be 81 degrees. Schlichting also mentions the work of Flachsbert who 
experimented with cylinders in 1932. He determined that if the Reynolds 
number (based on cylinder diameter) were below a certain critical value 
(3 x 10°), then the pressure minimum on the cylinder occurs at approxi- 
mately § = 70°, and separation would almost certainly occur before 

g= 90°, If the Reynolds number were above the critical value, then 
the pressure minimm would oceur near g = 90°, and separation would 
occur approximately as indieated by potential theory. In the present 
study the highest Reynolds mmber obtained over a cylinder was 1.3 x 10 
which is below the critical value, and hence it can be expected that 
separation will oceur before ¢ = 90°. 

Using Thwaites’”~ method (see Appendix B) with the ideal flow 
velocity distribution around e cylinder, the value of ¢ at separation 
was calculated. ‘The value obtained (¢ = 102°) is somewhat greater than 
the observed g = 89°. ‘This can be attributed to using the potential 
steady flow velocity distribution around the cylinder instead of a 
measured velocity or pressure distribution. 

As a final confirmation, photographs were taken of smoke flow 
over a 1.5-inch diameter cylinder in a wind tumnei. The Reynolds mm- 
ber was 735. Figure 15¢ shows the result of smoke flow over the cylin- 
der and confirms that separation occurs with ¢ between 85 and 90 degrees. 
It is concluded that the line observed on the cylinders used in this 
study is in fact the laminar flow line of separatian. 
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C. Flat Plate 
The flat plate was chosen as e model for study primarily because 
it was expected that a separated region would be visible at or near 
the leading edge. Eb wa iste baped tnt Geudlommmes of ti tapeniel 
flow to the plate micht be ovserved. 
Test runs were conducted om a flint plate model 5 inches long and 


2-1/h inches wide. The Reynolds mumber (based on a plate length of 





S inches) was varied as was the engle of attack. The test runs vere 
conducted to determine if a line or region of separation could be dis- 
tinguished in the glow over the flat plate. 

A region, believed to be the separated region, was observed from 
the leading edge to approximately 0.1 to 0.2 inch downstream fron the 
leading edge. Figures 12, 13, and 14 show this region for various 
engles of attack ani Reynolds numers. These observations suggest 
that separation is taking place at the leading edge of the flat plate, 
as expected. Photographs were taken of smoke flow over a flat plate 
in a wind tunnel to attempt to confirz that separation does occur at 
the leading edge. Figure 15a and b shows this flow at angle of attack 
10 degrees anil 15 degrees, respectively, at a Reynolds mumber of 2.4 x 102 
(based on a flat plate length of 5 inches). It is seen that separa- 
tion does in fact cecur at the leading edge of the flat plate. 

Immediately following the dark separated region is a bright region 
across the width of the plate. This region is almost a line, and it 
is believed that reattachment of the flow to the plate occurs here. 


Bourque and Newnan” experimented with small jets of fluid flowing over 
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inclined flat plates. They observed separation at the leading edge 

of the flat plates and reattachment downstream from the leading edge. 
The small jets (0.187 inch in diameter and ameller) flowing over 
inelined plates do not exactly correspond to the circumstances of the 
present study where a -inch diameter circular fluid chamel is pro- 
vided for flow over models. The general circwastances of incompressi- 
ble, two-dimensionel flow over flat plates is the same, however, and 
qualitative comparisons should be valid. Bourque and nanan” experl- 
mented with angles of attack of 30 degrees and greeter. They showed 
that separation occurs at the leading edge of the flat plates which 

is in agreement with the observations of the present study. They 
showed that reattachment occurs further downstream from the leading 
edge as the angle of attack is increased. The experimental results 

of Bourque and Newman when extrapolated to the angles of attack used 

in the present study (0.5 degree to 13.1 degrees) indicate that reattach- 
ment occurs very near the leading edge of the plate. This is in agree- 
ment with the observations of the present study. Figure 1 shows the 
flow over a flat plate at various angles of attack at Reynolds mmber 
(based on flat plate length of 5 inches) of 1.28 X 10°. It can be seen 
that at angles of attack of 0.5 degree, 2.5 degrees, and 3.2 degrees 
(Figures ika, b, and c, respectively), reattachment occurs at approxt- 
mately the same location near the leading edge of the flat plate, but 
as the angle of attack is increased to 13.1 degrees (Figure 144) reattach- 


ment cccurs further downstream from the leading edge. On the basis of 
this qualitative evidence, it is concluded that reattachment of the flow 


to a fiat plate is observable using the technique of electrocheni luminescence. 
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FIGURE 10, Line of separation on cylinders at various Reynolds numbers 
‘based on cylinder diameter of 0.5 inches) (a) Re = 5,700 (b) Re = 


15,100 (c) Re = 35,300 (d) Re = 3,300 
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FIGURE 11. Line of separation on cylinders at various Reynolds numbers 


FLOW 


(based on cylinder diameter of 1.5 inches) (a) Re = 17,100 (b) Re = 


45,300 (c) Re = 106,000 (d) Re = 130,000 
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iG 12. Separation on a flat plate at various Reynolds numbers. Angle of 
attack = Oras « Reynolds number (based on plate length of 5 inches) (a) Re = 


128,000 (b) Re = 253,000 (c) Re = 350,000 (d) Re = )30,000 . 
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FIGURE 13, Separation on a flat plate at various Reynolds numbers. Angle of 
° 
= 2.5 . Reynolds number (based on plate length of 5 inches) (a) Re = 128,00 


‘b) Re = 253,000 (c) Re = 350,000 (ad) Re = 430,000 « 
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FLOW 


(Q) (b) 
—— 
(C) (d) 
FIGURE 14. Separation on flat plate at various angles of attack. Angle of attack 


(a)Q= 5 (b )Q= oS (c)Q= 362° (d)Q= 13.1 ~ Reynolds number (based on 


flat plate length of 5 inches) Re = 128,000. 
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D. Transition 

In this investigetion an attempt was alzo made to visually observe 
transition from laminar to turbduient flow by applying the technique of 
electrochemiluminescence. Using this technique both Howland, et al.,° 
ana Schiller” observed glow patterns that could be interpreted as transi- 
tion. Howland, et al. ,* conducted tests of flow over a hydrofoil at 
various angles of attack. Some of thelr observed flow patterns resem- 
bled the transition spots obtained by Hemona ,° and some of their patterns 
were identified as transition streamers. Schiller” studied flow patterns 
about turbulence stimulators similar to those used on ship hull models. 
He assumed turbulence existed and that his picture was typical of what 
the technique would show. The present objective was to determine 
whether or not the process of electrocheml luminescence could provide 
information directly related to transition. 

It was decided to investigate classical transition on a flat plate 
at zero angle of incidencs. Hansen” experimentally determined the criti- 
cal Reynolds mumber at which transition could first occur. Wis criti- 
eal Reynolds musber (based on distance to the onset of + vansition) is 
3-2 X 10°, Aecording to Schlichting! this muber should be considered 
the minimum required for transition. The experiments of Schubauer and 


ad 


Skranstet”™”” indicate that at low turbulence, which probably cxists in 


this apparatus, the onset of transition oceure at a Re = 2.8 X 10° 
(based on distance from le@ding edge to cnset of transition) and that 
fully turbulent flow should exist at Re = 3.3 X 10°. 

In view of Hansen's ”° critical Reynolds number, it was presune’. 


that transition could be obtained on a long flat plate. Therefore, a 
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L/heinch plexiglass plate was constructed 2 inches wide and 30 inches 
long. The anoda was mids up of six platimen foll scctions each 1 inch 
wide an] 5 inches long. These sections were glued ard to end with 
1/h-inch overlap. This construction provided an anode 23.5 inches 
long. The cathode of 1/16-lach eluainan plate we 2 inches wide and 
36 inches long. It was glued to the back of the plexiglass plate. 
The test plece was placed in the 4-inck teat section at zero engle 

of incidence. Since the meximm evailable velocity in this test piece 
is 10.5 feet per second, the maximum obtainable Reynolés mumber is 
2.47 X 10° (based on 23.5-inch Length). 

Observations were made throughout the range of avaiinble Reynolds 
minbers of 4 x 20° to 2.47 x 10°. Nothing unusual wee seen that cad 
be directly related to tremsition. However, three phenomena were noted. 
First, the glow intensity did increase as the flow velocity increased. 
Second, aroumi a few rough spots the intensity wes greater than else- 
where on the plate. The contrast of glow diminished as the velocity 
increased. These rough spots existed near where the foil sectims 
overlapped. The spots resulted fran difficulties experienced with 
Gluing the platimw foil smoothly to the plate. Turbulent fla yrobva- 
bly existed near these ruugh areas. If ohis ia true theu the above 
observation agrees wita Sehiller’s~ goservabion of flow about turbu- 
lence stimilators. Therefore, it can be concluded that for sume range 
of Reynolds numbers (with the .oper limit wwietermined), a short region 
of turbulent flov is indlested by increased giow iatensity. The third 
Phenomenan concerns stxeawers or lines which appeared on the long Tlat 
Plate. Similar lines were observed on Schilier's> flat plate and om the 
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short plate used in the separation studies. At low Reynolds munbers 
the lines appeared to originate at the leading edge. For higher 
Reynolds mumbers beginning at sbout Re = 1 x 20°, they sppearei to 
originate in the reattachment region. These lines were contimz:ous 
end demonstrated a slight horizontal wavy motion. It is provable 
that the streamers observed by Howlami, et al.,were similar to these 
lines. Since these lines appeared even at subcritical Reynolds mm- 
vers, it is unlikely that Howland, ect al., observed transition streamers. 
One possible reason why transition was not chserved in the first 
olds number was too low. It was decided to exceed 
the Schubauer and Skramsted“eritiea! Reynolds mmber of 2.8 x 10° by 


increesing the flow velocity. This wes accomplished by reducing the 


test te@¢ that the Rey. 





test section diameter to 2 inches. Even though the contraction nozzle 
wes not designed for this small section, a maximm velocity of 27.5 
feet per second is obtained. This corresponds to Re = 6.3 X 10° 
(based on length of platinum), which even exceeds the Selmbauer and 
Skramsted Reynolds number for fully turbulent flow of 3.8 X 10°. 

For the secom test the width of the flat plate was reduced by 
1/8 of an inch to fit inside the 2-inch test section. The dimensions 
of the platimm section remained the same. The test plece was placed 
in the test section at zero angle of attack. Observations were made 
et Reynolds nuubers from about 2 X 10° te 6.3 X 10°. As in the first 
test no phenomenon was ovserved that could be related to transition. 

Since the tests described above did not provide information con- 
eerning transition, one fMnal test was considered. Howland, et a1.,° 


had deronstrated the fessibility of mking wake atudies with the 
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electrocheullumineseent technique. The wake studies of Hama, Long, 
ern Hegarty have provided excellent information pertaining to the 
phenomenon of transition. Therefore, the present objective was to 
determine the feasibility of making = transition wake study using 
the techniqre of electrochemtiluwninescence. 

Hama, Long, and Hegarty investigeted flow over a trip wire @ 

e flat plate at zero angle of incidence. The wire outside diameter 
was 1/16 inch, and the shortest plate used was 23 inches long. Flo 
patterns were ovtaine’d by injecting chrom bluc or methylene blue dye 
in a narrov slit upstreem of the trip wire. The test model was towed 
in a tenk 2 feet wide, 2 feet deep, and 12 feet long. The towing 
velocities did not exceed 1 foot per second, and the Reynolds mrbers 
veried from 260 to 560. With this technique Harm, et al., were able 
to observe the development of vortices behind a trip wire for a length 
of about 10 cn. 

In order to investigate floy over a trin wire in the Sehtller 
apparatus, a test plece was constructed consisting of a etainless 
steel rod as the anode and an alwninus plate as the cathode. Staine 
leas steel wes considered for the anode material because it was mare 
evailable and cheaper then platinum and beewise it had been observed 
to glow in previous tests. The rod ortside diameter is 1/16 inch. 

It is insulated fros the plate by electrical tape, and it is located 
6 inches fran the leading edge. The 1/l6-ineh thick alwaimun plate 
is 2 inches wide and 12 inches long. The test piece was placed in 
the original 4-inch test seetion. This was done because this test 


section provides better control of low velocity flow than the 2-ineh 
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section. The resulting evelleble Reynolds nuzebers varied from 400 
to 5000. Tho plate was aligned a «ero angle of attack. 
The results of this test provided little of interest concersz 





nS 
tvaneition. The flow velocity and applied voltage were both vurled, 
tut the wake length was never longer than 1/6 of am inch. Thte short 
wake was only observed at tne low Reynolds mmber of about 450. This 
test did prove one thing of significance. The glow mm stainless steel 
wae as intense as the glow om platinum foll. Even the line of separz.- 
tion wes cbservead et high Reynolds mmbers. The use of stninlese steel 
es the anode material is promising ond deserves move investigation. 
In these tests the naked sy waa the role detectar of light 

intensity. It wee observed thet glow imensity incressed as the flow 
velocity inerewed up to shout Re = h x 10°. Asove this Reynolds :»za- 
ver the glow appeared uniform along tae plate and did not appear to 
the naked eye to change with increased flow velocity. Sinee Springer'® 
has shown that the quemedunt manera gloy intensity is a direct 
function of mace transfer and since transition is aceompanied by en 
inerease in mass tranmafer sovard the bowslery, it may otill be possi- 
ble to detect the region of transition with an instrument such as a 
photo-wiltiplier tube. 
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TY. GONCIISTONS 


The evidence presented in this study has shown that lines of separa- 
tiga can be readily coserved in laminar flov wsing the technique of 
electrochemiluminescence. A otudy of the applicability of this technique 
to separetion in turbulent flow would be desirazle. 

Reattachaent of fluid flow was observed on the flat plate. The 
techuique of electrochemllucineseence promises to be a useful tool in 
the study of this phenomenon. 

It is concluded from the tests conducted that transition can not 
be coserved by the naked cye using the electrochemiluminescent technique. 
However, turbulent flow my be indicated by an increase in glow intensity. 
This phenomenon could be investigate)d by light intensity measurements 
with an instrument such as a photomultiplier tube. 
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APPENDIX A 


luminescent Solution 











SUBSTANCE PURPOSE 

H,0 “cee @ Solvent 

KCl 1.0 Normal Supporting electrolyte 
KOH 0.01 Normal Adjust pi 

£0, 8.5 x 107" Normal Oxidizing agent 

Laminol” hob x 107° Normal Chemiluminescent substance 


The kinematic viscosity of the solution was assweed to be the seme as 
water at 70 FF. 





a 
Eastman Kodak Company, Luminol = (S-amino-2, 3-dihydro-1, 4-phthalazinedione) 
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APPENDIX B 
Literature Survey of Flow Separation 





The boundary layer equations have defied exact solution except 
for the most simple cases. Phenomena of interest, such as the point 
of separation in a given flow, cannot be computed exactly. There are 
approximate solutions to the boundary layer equations, and the use of 
these has led to methods of predicting the point of separation for 
fluid flow over a body with reasonable engineering accuracy. 

For the case of two-dimensional leminar external flow over a body, 
approximate solutions for the separation point have been worked out by 


Thweites*~ 


and Stratfora.*3 thwaites' method consists of Lineerizing 
the Navier-Stokes equation and exomining experimental data to determine 
appropriate equation constants. Thwaites empirically determined a value 
of his equation parameter m, for which separation would occur (m = 0.082). 
The parameter m= - a » Where 9 is the momentum thickness, U(x) is 
the velocity in the free stream outside of the boundary layer, x is a 
coordinate taken along the surface of the body, and Vis the kinematic 
viscosity of the fluid. In this method it is assumed that U(x) is known. 
Stratford’? divides the boundary layer into two perts: an inner 
layer where viscosity is important and an outer layer where viscosity 
le unimportant and the flow is almost ideal. Stratford's method requires 
the solution of a single equation for x_, the point along the surface of 


& 


the body where separation cecurse. The assumption used ia that az « O, 
0x 
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where x is a coordinate along the surface of the body, and p is the 
static pressure. The join between the inner and outer layers is 
postulated to be contimous in u, 3u/dy, du/dy*, and VY, the 
stream function. Here u is the velocity inside the boundary layer 

in the x direction, and y is a coordinate perpendicular to the sure 
face of the body. The solution for the outer layer is obtained by 
superimposing solutions of Bernoulli's equatim for ideal flow and 
the Blasius solution of the boundary layer with no pressure gradient. 
In the inner layer where the viscous forces are very large, & solu- 
tion is obtained by equating the viscous and pressure forces. The 
solutions for the inner and outer layers ani the postulated boundary 
conditions are enough to determine the velocity profile and the equa- 
tion for separation except for a coefficient which is dependent upon 
¥*p/ 3 x”, The value of the coefficient can be chaiged ac appropriate 
by empirical methods for O%p/dx* other then zero. Stratford's method 
requires a knowledge of U(%) and the pressure distribution along the 
body. 

Curle and Skan!* have modified Thwaites’ method by changing the 
value of the parameter determining separation to m= 0.0%. The Curle 
and Skan modification to the Stratford method consists of changing the 
empirical coefficient in the Stratford equation. Curle and Skan indi-~ 
cate that the Stratford method is slightly the more accurate of the two, 
but Lt cannot be wed to compute such bamdary layer parameters os the 
momentum thiekmess (@), which can be calculated wing Thwaites' method. 

Sinee it wild be of interest to know @ at the point of transition 


to turbulence and since the accuractes of Thwaites’ and Stratford's 


ade 


o89 ct 9 Mum Chow ot So woman aul comdie wimtience 6 at % emmy 
evn, Meeutr Fiiaabel Lervesewy a hiner s 
ou. nw, 24 er alee 





ee eettmed Om Béla WY males AS UE 4 Aa ese wD 


ame 0d? 08 maimittonymy Stamiersoe 2 2) be \muiseeeld £68 al 
ee Remedae et eeuet cae ee et usicing ytd ea? to Nut 
tee ON Rae ee ene ©) Khemmrel te mel Nto ashes 
ee a Sevier] 
le ORE OE ON eto, Kaun) Bay ee weCe! eae OD MT 
<< “eet WhUeru Se Gece et pouieuye 9d Daenouwe ef me 
rated fete aeeny cat bee wont eu bre wos aad hs aU thos 











Aen erate ores ante nis GPS tt aati Linmgey 
et eg ET ek CoM Ou fe (KIN > ote berd o sep 
Fon | ies 

Sh Stee OF inSte weet bel ter weet “Ste foe ate 
Ol PR. ot ites ivarete etry at) Je enler 
2 oe ie 8 aes Haber OugsruNs ma se at tte Moe uate ia 
thet antS paluS colic Sueteert wi 2) cet iMie> i@tige 
ee ee eee ee ee 
Ww ot rere sop! owen Gee eee >) bem of cum 74 de J 
ees freee fle Set Eheedien ot wee ceive .6@) oem 2) & ds, 

= ities Ww tetee otf 86 6 Ged © eee © of Ue 44 ccels 


Sbrawwres, mee ‘Gs terest \ Ger arnetiw «6? eee le bem so #lietar cv 





“VT 


methods are not very different, it was decided to use Thwaites'’ method 
as modified by Curle and Skan as the primary means of predicting the 
leminmar flow separation point. Thwaites' method is described in more 
detail in the following section. 

For the case of turbulent external flow over a body, mumercous 
methods (e.g., Refs. 15-20) have been developed for predicting the 
separation point. Among these arc the work of Van Doenhoff and Petervin’ 
in determining general equations for boundary layer parameters such as 
@ and predicting the point of separation of fluid flow over a boiy. The 
eriterion they used for predicting separation was that separation occurs 
when the shape parameter H = 2.6 where H = $ /@ and §” is the displace- 
ment thickness. This criteria was confirmed experimentally by Schubauer 


and Klebanoff.— 


Townsend! and Stratford” have developed methods of calculating 
the separation point in tw 


pressure distribution alomz a boldly and its behavior at or near separa- 





nt flow. Their methods are based om the 


tion. 

Maskell"? developed a method for calculating the turbulent boundary 
layer for which the separation criterion is the requirement that the 
skin friction (c,) goes to zero at the point of separation. This method 


utilizes the Ludwieg=TiLimenn@“ 


skin friction formation considered by 
others (Refs. 15, 18, and 23) as probably the best available. Senborn”’ 
coneurs in the accuracy and usefulness of Meskell's method. 

It was decided to concentrate primarily on laminar flow in this 
study, but if time and the experimental avparatus permitted, turbulent 


flow would be treated also. For turbulent flow Maske]i's method appears 
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to be most accurate while Stratfori's method is simpler to apply. 
Stratford's method should then be a good check an the results as given 
by Maskell. 
II. Brief Deseription of the Method of Thvaites~ for Predicting the 
The Navier-Stokes equation with Prandtl's approximations for a 
two-dimensional boundary layer may be written as: 
@ n+ 2) BE. (22 1 
a * ~f )2e WP 3ST yep (1) 
The momentum thickness (0) is given empirically (Ref. 12) by: 


x 
ef = ots UO j U? dx (2) 
© 


Define the parameters m, :, and L as follows: 


2 
n = 2 (2%) (1) 
U 9 yal 


2 
be Ye (5) 


2 
Taking ate) =a 2 = and rearranging (1) gives: 


2 
ae) = au + 2) SV. oY n (6) 


Rearranging (6) gives: 


L = 2 [n(n + 2) +n] (7) 
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Thwaites found equation (7) to be nearly linear in m and chose 
L= O.45 + Gu. By inspecting experimental data he determined thet 
separatien should occur at m= 0.082. The Curle and sian? modi fica- 
tien gives m= 0.090 at separation. Solving equation (7) for H at 
separation (using m = 0.090), » = 0 (since [du/ dy! yao) 20d H = 3.5 
which ts a more familiar criterion for separation then is the value 
of the parameter u. 


Finally at separation: 


‘sep 
9° ' 0.4 ay | _ 
tf oS + - ae u? ax (8) 
0 


Solving equation (8) for x, 


> gives the position of separation 
in the leminar flov. 


Syuibo.ls 
xX, ¥ Coordinate axes parallel to the surface and perpendicular 


to it, respectively. 


L, a n Parameters defined in Section IT. 

z Shape parameter; given as § /o. m 

r) Momentum thickness; given 9s S20 m =) dy. 

5 * Displacement thiclmess; given an fa - may. 


Velowity inside the boundary layer in the x direction. 
U Free stream velocity outside the boundary layer. 
v Kinematic viscosity of the fluid. 
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